The density and depth of grain pile directly affect the evaluation of silo storage. However, there is no report on the detection of mean density of grain pile. To make up for this gap, this paper establishes the relationship between density and dielectric constant through free space transmission method, offering a feasible way to detect the mean density of grain pile. Considering the popularity of ground penetration radar (GPR) in silo detection, the author derived the formula of maximum detection depth, based on the special environment of the silo, the detection quality factor of the radar, and the features of the scattering cross-section. After that, the proposed method was applied to compute the density and depth of grain piles in actual silos. Finally, our method was proved to be accurate through simulation and experiments. The research findings shed new light on the electromagnetic detection of the density and depth of grain pile in actual silos.
INTRODUCTION
The safety of food storage is vital to the national well-being and people's livelihood. To maintain the security of each grain silo, it is necessary to accurately estimate the volume of grain storage, which requires accurate detection of foreign bodies and calculation of grain layer density. In recent years, the ground penetrating radar (GPR) has been widely adopted for grain silo detection, thanks to the strong penetrability and convenience of radar waves [1, 2] .
Wave velocity estimation is the key to the GPR-based detection. Currently, the wave velocity can be determined in various ways, such as common midpoint (CMP) method and metal plate reflection method [3] . The wave velocity can be used to derive the dielectric constant. Once the dielectric constant is determined, its correlation with density can be obtained through experiments. The experiments are generally implemented in three steps: Changing the grain pile density multiple times, measuring the corresponding dielectric constants, and fitting the variation laws of the two factors. The above method requires the silo to be regular in shape and proper in size. If the silo is irregular, it would be hard to calibrate the volume after density change. If the silo is too large, the density change cannot occur uniformly. The free space transmission method [4, 5] provides a remote sensing strategy to measure the dielectric constant of grains in a regular, small silo.
In this paper, the free space transmission method is adopted to determine the relationship between dielectric constant and grain pile density in grain silos. Next, the mean dielectric constant of grain silo was derived from the estimated wave velocity of the GPR, and substituted into the relationship model to deduce the mean grain pile density. In addition, the maximum detection depth of the GPR was formulated based on the special environment of the silo, the detection quality factor of the radar, and the features of the scattering crosssection, and verified through experiments. Finally, the density and depth of the target grain silo were computed and confirmed through experiments.
MEASUREMENT OF MEAN DIELECTRIC CONSTANT

Wave velocity estimation in shallow round silos
Different categories of silos differ greatly in the height of grain pile. The height is between 10 and 20m for shallow round silos and between 30 and 60m for tower silos. The different heights lead to different detection depths for GPR waves. This paper mainly discusses the measurement of mean dielectric constant of the commonly used shallow round silos [6, 7] .
In each shallow round silo, there is a metal plate at the bottom. Since the height of the grain pile equals the detection depth, the dielectric constant can be estimated directly from the reflection delay of the bottom metal plate in the depth direction. The estimation method is illustrated in Figure 1 below, where h is the depth of the grain pile and x is the antenna spacing of the GPR, and measure the electromagnetic wave two-way travel time reflected by the bottom metal plates of the n groups, and find the average:
Thus, the mean dielectric constant of the grain can be obtained as: 
where c is the speed of radar wave in the air. 
Finite difference time domain (FDTD)
The FDTD enjoys unique advantages and wide application in numerical simulation of nonuniform media and scattering electromagnetic field with complex structures [8] . Based on Maxwell's electromagnetic field equations, the FDTD divides the target area into Yee cells, and assigns different electrical parameters to each cell. Next, the radar waves are transmitted and received at different cell positions according to the actual moving path of the radar. After that, the partial differential equations are converted into difference equations for solution.
Since the GPR waves are in two-dimensional transverse mode (TM) in silos, the FDTD algorithm can be expressed as the following partial differential equations:
where Ez is the electric component in Z direction; Hx and Hy are the magnetic components in X and Y directions, respectively; μ is the magnetic permeability; σm is the permeability; ε is the dielectric constant; σ is the conductivity.
The difference equations can be derived from formula (3) through spatiotemporal dispersion of each component and central difference approximation for first-order partial derivatives: 
On this basis, the simulation can be implemented in the following steps:
Step 1: Under the known temporal distribution of electrical field E t1=t0=nΔt and the spatial distribution of magenetic field H (n-1/2)•Δt, calculate the values of H in t2=t1+Δt/2;
Step 2: Calculate the values of E in t1=t2+Δt/2;
Step 3: Repeat Steps 1 and 2. The relationship between time step Δt and space steps Δx & Δy should satisfy: Figure 2 depicts the GPR wave detection system for a grain silo. The grain to be measured is stored in a silo with a fixed volume. The transmitting and receiving antennas are deployed across the grain pile, and connected to their respective ports on the vector network analyzer (VNA). During the detection, the VNA emits and receives the radar waves. The received waves are saved and processed by computer [8] . Let S21 be the transmission coefficient of the GPR waves of the VNA, respectively. Then, the amplitude A and phase Φ of the transmission wave can be obtained as [9] :
RELATIONSHIP BETWEEN DIELECTRIC CONSTANT AND GRAIN PILE DENSITY
Principle of free space transmission method
In the free space transmission method, the dielectric constant is determined by computing its real part ε' according to the amplitude A and phase Φ. The number of GPR waves in the free space can be expressed as:
where λ0 is the GPR radar wavelength in the air. The number of GPR waves in the medium with a dielectric constant of ε can be computed as:
The phase change induced by the propagation of GPR waves in a medium with a thickness of d can be obtained as:
Since the grain is a weak conductive medium, we have ε''<<ε'. After eliminating the imaginary part ε'' of the complex dielectric constant, formula (12) can be rewritten as:
Formula (13) is the way to compute the real part of the dielectric constant in the free space transmission method. Figure 3 . The SWR of the horn antennas Before the GPR measurement, the measurement frequency should be selected such as to match the antenna frequency. Figure 3 presents the standing wave ratio (SWR) of the horn antennas selected for our experiments. The frequency band of 1~8GHz was selected because the SWR is relatively small in this band.
Parameter selection
Measurement frequency
Absolute phase difference
The absolute phase difference should be determined because the phase directly obtained from the measured wave is 2π blurred and entangled in [-π, π]. As shown in Figure 4(a) , the phase value measured in the full silo was smaller than that measured in the empty silo, when the frequency fell between 1 and 2GHz. This result clearly goes against the fact. To solve the problem, phase Φ was added to the periodic factor 2πn.
Since the silo has a fixed thickness, the n value was selected through trial and error under the constraint of the range of dielectric constraint of the grain [10] . Figure 4 (b) provides the results after adding the phase to the periodic factor (2πn, n=1). 
PERFORMANCE PARAMETERS OF GPR RADAR FOR SILO DETECTION
Calculation formula of silo depth
The detection depth of GPR wave depends on various factors, including the electrical property of the medium, the size of the target and the electrical difference between the target and the medium. The quality factor of the GPR detection can be defined as the ratio of the minimum power of the signal received by the receiving antenna to the power of the signal transmitted by the transmitting antenna [11, 12] : where ξT and ξR are the efficiencies of the transmitting and receiving antennas, respectively; GT and GR are the gains of the transmitting and receiving antennas, respectively; v is the velocity of the GPR wave through the grain layer; g is the backscattering gain of the target; ζ is the scattering crosssectional area of the target; α is the attenuation coefficient of the medium; L is the distance between transmitting antenna and the target; f for is the center frequency of antennas.
Then, formula (14) can be rewritten as:
where a is the attenuation factor of the grain medium: 20 lg 8.68
Formula (16) describes how detection depth correlates with GPR performance parameters, target, and medium. It can be seen that the detection depth of the GPR is mainly determined the transmitting power, the antenna gain and the frequency range of the radar system, the dielectric constant of the medium, as well as the scattering cross-section area and scattering gain of the target.
The GPR detection of grain silos needs to extract the actual grain thickness from the detection results. The reflected object in formula (4) is actually the interface between the grain and the silo bottom, which is usually rough cement. The scattering cross-sectional area of such an interface can be empirically determined as the area of the first Fresnel belt. From Figure 5 , the maximum propagation length of the GPR wave in the grain can be expressed as: (17) where λ is the wavelength of the GPR wave propagating in the grain. The scattering cross-sectional area of the target can be described as: The reflected energy depends on the surface reflectance of the reflector. Thus, the gζ can be described as:
where ρ is the power reflection coefficient of the reflecting surface. where B1=lgπvρ/2; B2=1; B3=1.
Substituting the results into formula (15) , the maximum detection depth L of the GPR can be calculated by: where D1 is mainly dependent on the electrical parameters of the medium; D2 is mainly dependent on radar system parameters.
Simulation of influencing factors on detection depth
To further disclose the impacts of the above factors on detection depth, the author conducted a simulation with the following factors: the antenna gains GT=GR=3, the antenna efficiencies ξT=ξR=1/3, the power reflection coefficient of antenna surfaces ρ=1/3, the real part of the dielectric constant of grain: 4, and the attenuation coefficient: 6dB/m. The above parameters were plugged into formula (23) to obtain different quality factors. The resulting relationship curves between detection frequency and detection depth are displayed in Figure 6 . It can be seen that, under a fixed quality factor of the GPR, the detection depth decreased with the increase of detection frequency; under a fixed detection frequency, the effective detection depth increased with the GPR quality factor.
The simulation targets two shallow round silos in China. According to the silo heights, the detection depth should exceed 20m. It can be seen from Figure 6 that the quality factor of the GPR should be no less than 110dB at the transmitting frequency of 0.5GHz, and no less than 90dB at the transmitting frequency of 0.1GHz. 
The relationship between grain pile density and dielectric constant
The grain pile density is the overall density of gains and the air between grains in the silo. During our experiments, the sample density was adjusted by adding a fixed amount of grains into the silo to compress the voids between the grains [14] . The silo was simulated by a wooden box with a constant volume. The variations in complex dielectric constant with frequency were monitored under four different grain pile densities and plotted in Figure 7 , where the curves are the complex dielectric constant curves fitted from the real and imaginary parts. It can be seen that the real part is sensitive to the change of density, as it increased gradually with the growth in density, while the imaginary part remained basically unchanged despite the change of density. Table 1 lists the values of k and b of the medium in the silo at different detection frequencies. Here, the special case of zero density is adopted for further analysis. In this case, the dielectric constant of the medium equals that of the air. By formula (24), it can be seen that the b values in Table 1 , all of which are greater than one, contradicts the reality. This means formula (24) has some limitations and does not apply to compute the medium density whose dielectric constant is close to the air [17] . 
Detection depth
Our detection approach was applied in a shallow round silo in Zhuozhou, China. The actual height of the grain pile in the silo is 13m. The parameters of the GPR system were configured as: quality factor=90dB, antenna gain=3dB, antenna efficiency: 1/3, and power reflection coefficient of antenna surface=1/3. The electromagnetic parameters of the grain were directly selected from Section 3.2: the real part of the dielectric constant was 4 and the attenuation coefficient was 6dB/m [10] .
The detection depth should be sufficient to cover the actual height of the grain pile and the detection accuracy should be as high as possible. Hence, the rod-shaped GPR antennas with a frequency of 0.3GHz were selected to detect the grain pile height along the radial direction of the silo [11] . The silo length was 25.8m, and the detection was conducted at the step length of 3.5cm. The data were collected from a total of 737 channels, forming the image in Figure 9 . It is easy to observe the continuous and stable reflection at the depth of 13m, indicating that the silo bottom is 13m deep. The result agrees well with the actual depth of the silo bottom. The reflections of foreign bodies can also be seen from the figure (the circular areas). The experimental results confirm that the selected GPR parameters and proposed calculation method can achieve accurate detection of grain pile height and locate the foreign bodies in the silo. Suffice it to say that our method lays the technical basis for the extraction of effective target echo [12] . Figure 9 . GPR image of the target silo
CONCLUSIONS
In light of the features of grain and silos, this paper designs an electromagnetic way to detect grain pile density and height in silos. Firstly, the mean dielectric constant of the target silo was derived from the estimated velocity of the GPR wave. Then, relationship between dielectric constant and density was established by free-space transmission detection method. After that, the mean dielectric constant was substituted into the relationship model to determine the mean grain density. In addition, the proposed method was applied to simulation and experiments on actual silos. The research results show that the GPR detection performance in grain silos depends on the following factors: silo shape [13] , actual height of grain pile, the electromagnetic features of grain, reflection surface, antenna parameters, and detection frequency.
The free-space transmission detection method and the proposed relationship model can be applied to measure the properties of other agricultural products with small particle size and determine their density in storage. Of course, the model parameters should be redefined through experiments. The research findings lay a theoretical basis and provide technical support to the selection of the performance parameters of the GPR in silo detection.
